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from the uncertainty in the input data. It is therefore useful to model the uncertainty by available tools in information systems to reduce the risk of any impact of the adoption of incorrect decisions based on uncertain assumptions.
The goal of this paper is to present a fuzzy spatial query approach, which can be applied in spatial analysis and multi-criteria decision making (MCDM) in geographic information systems (GIS). The paper introduces the possibility of the representation and processing of imprecise and vague spatial data in object-relational databases. It refers to uncertainty modeling by the fuzzy set theory, which does not work with the concepts of randomness and probability, but expresses uncertainty in terms of vagueness or ambiguity. Bivalent (Boolean) logic is then replaced by fuzzy logic in the analysis, resulting, for example, in the introduction of triangular norms (t-norms) as aggregate functions in the spatial decision making. The principles of modeling uncertainties are applied in the area of GIS and spatial databases, which include spatial data types and which have implemented extensions of Structured Query Language (SQL) for working with them (as spatial functions and operations). A spatial database can be created from heterogeneous data layers of varying quality. For spatial analyses which integrate heterogeneous data layers (spatial tables in the database), we use the fuzzy decision-making criteria expressed by SQL queries. The application of fuzzy spatial SQL was realised in the PostgreSQL object-relational database system.
STATE OF ThE ART
Uncertainty and spatial data quality modeling is not a new topic of research in GIS (Longley et al., 1999) , but now this theme has become quite current because of the frequent handling and processing of heterogeneous geospatial data sources in web environments. Another reason is also the number of activities related to the building of a spatial data infrastructure (Directive, 2007) and data sharing, where the quality of the data plays a very important role for spatial data users. Information about quality (ISO 19113 and ISO 19114) is part of the metadata (ISO 19115) , and it can form the basis for modeling uncertainty in spatial databases.
A number of researchers in the GIS area have recently considered spatial data models using fuzzy set approaches (Bosc et al., 2005) , as in the modeling of geographic objects with indeterminate boundaries (Burrough and Frank, 1996) . The first consistent approach in the use of fuzzy set theory which could be applied in GIS was developed by Robinson (1990) (Bosc et al., 2005) . More recently, there have been a number of efforts utilizing fuzzy sets for spatial databases including the definition of fuzzy spatial data types (Schneider, 2008) ; fuzzy UML modeling (Xiaoxiang, 2005) ; fuzzy spatial topology (Tang, 2004) , (Tang et al., 2006) ; fuzzy spatial decision making (Morris and Jankowski, 2005) , ; fuzzy data modeling for the integration of heterogeneous spatial information (Mukherjee and Ghosh, 2011) , etc. Semantic interpretations of fuzzy spatial queries are described in (Wang, 2000) , (Cuevas et al., 2008) . Fuzzy classes, domains for imprecise vague data, and fuzzy equality operators (FEQ) are defined in (Cuevas et al., 2008) . The autors describe the manipulation of fuzzy objects in an object-relational system, but it is applied only for non-spatial data types.
The basis of data querying and manipulation in relational and object-relational databases is SQL. In spatial databases (usually in object-relational databases), it is necessary to use the extensions of SQL for spatial data that are included in the OGC specifications and the series of ISO 19100 Geographic information standards. The processing of uncertain data in relational and object-relational databases is not currently standardized, but it is a hot topic of research in the area of database systems and also in data mining. The first indications and results are presented in many papers, for example in (Kacprzyk et al., 2000) , (Hudec, 2009) , (Hudec et al., 2012) , and (Chen, 2012) . The papers introduce possibilities to extend SQL for the processing of uncertain data and vague queries in databases (e.g., Fuzzy SQL (Hudec, 2008) , (Hudec et al., 2012) or SQL Uncertainty (USQL) (Chen, 2012) ), but they do not work with spatial data. The fuzzy extension of SQL to work with uncertain spatial data is much more difficult than querying in conventional relational databases and will require further research. It is necessary to define a number of new principles and procedures for the processing of uncertain spatial data. The result should be the creation of a standard for working with uncertain spatial data and vague criteria, which would include implementation of the knowledge and principles from two scientific fields, namely, spatial database systems and uncertainty modeling by fuzzy set theory.
MATERIALS AND METhODS

Spatial queries in object-relational database systems
"Spatial data" is a term used to describe data with a reference to a specific location. Spatial data is usually stored in databases as coordinates and topology and is often accessed, manipulated or analyzed through Geographic Information Systems (GIS). A spatial database is a database that is optimized to store and query spatial data. One of the most important directions in the development of GIS is the common storage of attributes and geometric data in the same database. The ability to save spatial objects in relational tables is applied in the case of object-relational databases. A column containing spatial (geometric) data is then called a spatial column. A spatial table is a table that includes one or more spatial columns. Spatial tables have different properties than conventional tables, because they also represent the topological and metric relationships of the objects.
A powerful tool for querying relational databases is the standardized language SQL, which is currently implemented in almost all relational database systems. SQL provides functions for the administration and processing of standard data types (numeric, string, Boolean, etc.), but does not automatically support functions for working with spatial data types. Spatial data handling requires special support for spatial data types, indexes, operations and functions that are integrated directly in a database management system (DBMS). Then the spatial and attribute data can be accessed within the same query. An SQL standard extension called SQL/MultiMedia (SQL/MM) permits storing, retrieving and processing spatial data using SQL in existing database systems. This spatial extension is currently implemented and used in several relational database systems (e.g., PostgreSQL, Oracle Spatial, Microsoft SQL Server (versions of MS SQL Server 2008), and IBM DB2).
Spatial data types defined by a geometry object model
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QUERYING UNCERTAIN DATA IN GEOSPATIAL OBJECT-RELATIONAL... Vol. XXI, 2013, No. 4, 1 -12 geographic data. OGC specifications form the basis for ISO standards and are gradually introduced to the most used object-relational database systems. The OGC describes a spatial object by a geometric model based on a hierarchy of classes in the standard Simple Features Access (SFA), which has became the basis for the ISO 19125-1 (ISO 19125-1:2004 Geographic information -Simple feature access -Part 1: Common architecture) and ISO 19125-2 (ISO 19125-1:2004 Geographic information -Simple feature access -Part 2: SQL option) standards. The SFA standard includes a description of the basic geometric vector elements, a specification of any deposits, and access to the object-relational databases. The OGC geometric model is created using the class diagram in Unified Modeling Language (UML) (Fig. 1 ).
SQL extension for spatial data
The extension of SQL options for processing spatial data (types of spatial data) is the logical result of activities aimed at integrating spatial and non-spatial data. Similarly as in the case of selections by attributes, the result of each spatial selection is a table (relation), and the essential element of the selection is the SQL command SELECT (such as in the case of non-spatial databases). There are types of data and possible operations (functions) specified in an SQL extension for spatial data. Spatial operations supported by the database system can then be included in the basic command structure of SELECT -FROM -WHERE. The functions for spatial data in object-relational databases are:
• functions to define spatial data: AddGeometryColumn, DropGeometryColumn (the creation or cancellation of a spatial column)
• functions to determine the topological relations of objects (the returned value is "TRUE" if the condition is true, and "false" if the condition is not true): Equals, Intersects, Touches, Disjoint, Within (one object is located in another one), Contains (one object contains another one), etc.
• functions for spatial analysis (they return numeric values or spatial objects as a result of processing): Distance (distance between two objects), Area (area of the object), Buffer, Intersection, Union, Difference, SymDifference (symmetric difference), etc.
In addition to these functions, several other functions are defined as well, for example, functions for access to elementary geometry, and functions for format conversion are defined too (Koreň, 2009) . All the functions are described in detail in the standard ISO 19125-2 or in the OGC Specification: OpenGIS® Implementation Standard for Geographic information -Simple feature access -Part 2: SQL option.
Modeling of uncertainty of spatial objects using fuzzy sets
Fuzzy sets are a mathematical tool, which provides a description of uncertainty and permits working with it. The concept of a fuzzy set was introduced by Professor Zadeh in 1965: "Let X be a space of points (objects), with a generic element of X denoted by x. Thus, X = {x}. A fuzzy set (class) A in X is characterized by a membership (characteristic) function m A (x) which associates with each point in X a real number in the interval [0, 1] , with the value of m A (x) at x rep-
Fig. 1 Geometry object model -basic spatial data types in UML (according to OpenGIS® Implementation Standard for Geographic information -Simple feature access -Part 2: SQL option).
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Vol. XXI, 2013, No. 4, 1 -12 resenting the "grade of membership" of x in A." (A fuzzy set A is a set of elements x ϵ X (X is called a universe), where each of them is assigned by a degree of membership m A (x) (the membership value of x in A), whose values must be between zero (no membership) and one (definite membership). The degree of membership reflects the rate to which the element belongs to the set. In fuzzy logic, it represents the degree of truth. A membership function for a fuzzy set A on the universe X is defined as m A : X ∉ [0,1]. The shape and parameters of the membership functions can be determined based on practical experience or on the known properties of the phenomenon analyzed. A trapezoidal (piecewise linear) membership function is the most commonly used one (Fig. 2 a) in spatial analysis in GIS (Kainz, 2013) 
The special cases of piecewise linear membership functions are presented in Figs. 2 b, c, d . Other frequently used membership function shapes are, e.g., Gaussian, sigmoidal or S-shaped.
Logical operations in fuzzy sets
The basic set operations of intersection, union, and complement are often used in spatial analysis in GIS (e.g., MCDM). In mathematical logic, which is also part of the queries in spatial databases in SQL, these operations correspond to the logical operations of conjunction, disjunction and negation. The logical operations in crisp sets are known from propositional calculus and Boolean algebra. They are implemented in database systems in the same way.
The logical operations in fuzzy sets are based on fuzzy propositional calculus. The operations of fuzzy conjunction, fuzzy disjunction, and fuzzy complement are generalizations of crisp ones. There is more than one way of generalization, but all of them provide a fulfilment of the conditions in the interval [0,1] instead of the crisp va lues 0 or 1. The most widely-used operations are standard fuzzy set operations (Zadeh, 1965) :
The intersection (Zadeh, 1965) The union (Zadeh, 1965) of two fuzzy sets A and B with respective membership functions m A (x) and m B (x) is a fuzzy set C, written 
The complement (Zadeh, 1965) of a fuzzy set A is denoted by Ā and is defined by
The standard complement of fuzzy set A is then the fuzzy set Ā with the membership function μ Ā .
The standard method of an creating intersection and union is shown in Fig. 3 .
Fig. 3 Fuzzy conjunction and fuzzy disjunction.
In fuzzy logic, the other types of conjunction are usually interpreted by triangular norms (t-norms for short), and the other types of disjunction are interpreted by triangular conorms (t-conorms for short). A triangular norm (Mesiar and Navara, 1999 ) is a commutative, associative, non-decreasing function T: [0, 1] 2 → [0,1] such that T(x, 1) = x for all x ∈ [0,1]. The basic t-norms are (Grabisch et al., 2009 ): the minimum t-norm (greatest conjunctor; it corresponds to the standard conjunction) (Fig. 4a) :
the product t-norm ( Fig. 4b) :
the Łukasiewicz t-norm ( Fig. 4c) :
the drastic t-norm (smallest conjunctor) (Fig. 4 d ):
An example of spatial analysis using Boolean logic compared to fuzzy logic using t-norms is presented, for example, in and (Ďuračiová et al., 2011) .
Many-valued logic in spatial databases
Many-valued logic was introduced by the Polish logician and philosopher Łukasiewicz (1920) (Gottwald, 2010) . The first step from bivalent logic to many-valued logic is three-valued logic. SQL has also implemented a three-valued logic. It includes the values TRUE, FALSE and UNKNOWN. SQL also knows the logical operations (conjunction, disjunction and negation), which are included in all programming languages. Their extension to three values is shown in Tab. 1. Three-valued logic is implemented in all currently used database systems. An extension of three-valued logic is many-valued logic (e.g., if the truth value of UNKNOWN is 0.5 and, in addition to it, we admit the truth values of the propositions 0.75 and 0.25, in evaluating the truth-values of statements we use five-valued logic). Fuzzy logic is then a generalization of many-valued logic, which models truth values by fuzzy sets.
Tab. 1 Three-valued logic in database systems.
Modeling of spatial data uncertainty in multicriteria decision making
There are two types of uncertainty in MCDM in spatial databases: data uncertainty and criteria uncertainty (Fig. 5) .
Both data and criteria can be modelled by fuzzy sets in database systems. Uncertain information can be represented either by a special attribute (e.g., a mean square error) or by a fuzzy set. The spatial uncertainty of an object modeled by a piecewise linear membership function to a fuzzy set is shown in Fig. 6 .
Various forms of the uncertainty of objects in a spatial database (e.g., uncertain topology, uncertain geometry and uncertain attributes) are modeled in the class diagram in Fig. 7 .
For evaluating queries containing spatial operations such as an Intersection, Union, or Difference, it is necessary to know the topological relations of the spatial objects. For computing the spatial relationships between geometries, the Dimensionally Extended Nine-Intersection Model (DE-9IM) is specified in the OGC "Simple Features for SQL" specification. The DE-9IM considers the two objects' interiors (A 0 , B 0 ), boundaries (∂A, ∂B) and exteriors (A¯, B¯) and analyzes the intersections of the parts of these nine objects for their relationships. The spatial relationships described by the DE-9IM are "Equals," "Disjoint," "Intersects," "Touches," "Crosses," "Within," "Contains," and "Overlaps." The DE-9IM is based on the Nine-Intersection Model (9IM) (Shekhar and Xiong, 2008) . The 9IM is defined by matrix I 9 (A, B): 
S L O V A K U N I V E R S I T Y O F T E C H N O L O G Y I N B R A T I S L A V
QUERYING UNCERTAIN DATA IN GEOSPATIAL OBJECT-RELATIONAL... Vol. XXI, 2013, No. 4, 1 -12 If we are working with uncertain spatial objects, their topological relationships will be affected by uncertainty too. The intersection of two objects with a uncertain boundary is shown as an example in Fig. 8 . Fuzzy spatial topology is discussed more, e.g., in (Tang, 2004) , (Tang et al., 2006) .
CASE STUDY
A fuzzy spatial query approach is demonstrated in a model situation related to a fundamental database for GIS in Slovakia. The database schema is defined according to the FACC DIGEST (Digital Geographic Information Exchange Standard) (ISO/TC 211 Secretariat, 2000) (Tab. 2). 
Code Name Description
AL015 Building
A relatively permanent structure, roofed and usually walled and designed for some particular use. An MCDM using fuzzy sets in GIS is applied, for example, in this type of analysis:
Find all buildings, which:
• are tall (fuzzy criteria, crisp or fuzzy non-spatial data),
• are close to the river (fuzzy criteria, crisp or fuzzy spatial data), • their use is: "house" (crisp criteria, crisp non-spatial data).
The appropriate examples of these queries are, e.g.: 1. select all houses from the layer "Buildings" (the code value of the BFC attribute for a house is 16 (according to the standard DIGEST)), 2. select all buildings that are within a distance of 35 m from the river, 3. select all moderately tall houses (modeled by the "Moderately tall house" fuzzy set), 4. select all buildings that are located near rivers (if the distance is less, the degree of membership in the fuzzy set "Building near the river" is higher), 5. select all buildings located on the floodplain of the river (the floodplain boundary is given with a degree of uncertainty).
Example 1 is a standard query without a need to support the spatial data. Example 2 shows the query with a spatial extension of the SQL. The query in example 3 contains uncertain attribute criteria.
The query in example 4 describes the uncertain spatial criteria, and the query in example 5 contains uncertain data.
The membership function m H (x) of fuzzy set H "Moderately tall building" is, e.g. (Fig. 9 a) : (9) The membership function m C (x) of fuzzy set C "Close to the river" is ( Fig. 9 b) :
RESULTS
The result of the application of the fuzzy approach is the creation of a fuzzy spatial SQL query to the object-relational database. The resulting query can be composed of a fuzzy query and a crisp query, both of which can be used to select spatial or non-spatial data from the database. The UML activity diagram for creating a simple uncertain spatial query is shown in Fig. 10 . The attributes mi_1, mi_2,...mi_m are the degrees of membership in fuzzy sets of the at least partially suitable results (for each t-norm). The fuzzy criteria are expressed by f_criteria_0, f_crite-ria_1,... f_criteria_k, and T-NORM is a selected t-norm used as an aggregation operator. Both the fuzzy sets and t-norms are not defined in the standard SQL. A suitable solution of this absence can be the standard SQL query with the command CASE in the construction SELECT -FROM -WHERE. Then the SQL command for the model situation from the case study above, including criteria 1, 3 and 4 is as follows: The spatial function distance as an extension of the standard SQL is applied to calculate the distance in the spatial criteria 4 (building close to the river).
The query above is logically correct and is applicable in all similar situations, but in the case of the lower performance of database systems, a query with the functions GREATEST and LEAST could be a more suitable SQL command: (Functions GREATEST (returns the greatest value in a list of expressions) and LEAST (least value) are not part of the SQL standard, but they are very helpful for fuzzy SQL querying.)
The result of the queries is the table: Fuzzy_buildings(id, mi_1, mi_2, mi_3, t_M, t_P, t_L, the_geom), where mi_1, mi_2, mi_3 are the degrees of membership in the fuzzy sets of criteria_1 (moderately tall building), criteria_2 (building close to the river) and criteria_3 (house). The attributes t_M, t_P, t_L are the values of the degrees of membership in the fuzzy set of the suitable results aggregated by the relevant t-norms (t_M -minimum, t_P -product, t_L -Łukasiewicz). If t_M > 0 then t_L > 0 and t_P > 0 because of (Grabisch et al., 2009): (11) This implies that the condition t_M > 0 in clause WHERE is sufficient.
The values t_M, t_P, t_L are very useful as decision support for users (e.g., a decision on the suitability of an object in the selection).
The fuzzy SQL queries were applied in PostgreSQL (http:// www.postgresql.org), which is the most widely-used open source Vol. XXI, 2013, No. 4, 1 -12 database system for storing and managing spatial data. A visualization of the case study in the ArcGIS 10.1software environment is illustrated in Fig. 11. 
CONCLUSIONS
Spatial databases are useful in conventional (non-geographic) information systems (e.g., multimedia systems, building information systems, space systems in astronomy, etc.), but the dominant areas for their use are geographic information systems. In many geographical applications and much spatial analysis, there is a need to use heterogeneous data of various qualities and model their uncertainty. The use and integration of multi-source heterogeneous data is currently becoming more common. This fact is related mainly to the increasing number of Web services (especially the Web Map Service (WMS) and the Web Feature Service (WFS)) and spatial data sources provided in the web environment. The application of fuzzy modeling principles in spatial databases brings the possibility of the efficient modeling of data quality and processing of uncertain data. Fuzzy spatial querying enables a more effective data selection, and it is also a suitable approach for the integration of multi-source data.
The basis of the proposed solution is the query language SQL, which is implemented in all of the most commonly used relational and object-relational database systems. The limitation of SQL is that it makes only crisp selections (only Boolean logic). That means, for example, that the record in a database (or a spatial object) might not be selected even if it is extremely close to the conditions of a query (e.g., the difference is much less than the value of the data's uncertainty). This situation is avoided by the application of the fuzzy logic. The greatest advantage of the fuzzy approach presented in this paper is that it does not require the implementation of any other query language for querying uncertain data. This solution can therefore easily become the basis of functionality in the development of an application for querying uncertain spatial data. The implementation of a user-friendly interface for fuzzy spatial querying and decision-making criteria modeling is the subject of our current research.
